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April 2002 
Working Group Meeting on 

Heavy Vehicle Aerodynamic Drag: 
Presentations and Summary of Comments and 

Conclusions 

Jointly written by 
Lawrence Livermore National Laboratory 

Sandia National Laboratories 
University of Southern California 
California Institute of Technology 

NASA Ames Research Center 
Georgia Tech Research Institute 
Argonne National Laboratory 

A Working Group Meeting on Heavy Vehicle Aerodynamic Drag was held at Lawrence 
Livermore National Laboratory on April 3 and 4,2002. The purpose of the meeting was 
to present and discuss technical details on the experimental and computational work in 
progress and future project plans. Representatives from the Department of Energy 
(DOE) Office of Transportation Technology Office of Heavy Vehicle Technology 
(OHVT), Lawrence Livermore National Laboratory (LLNL), Sandia National Laboratories 
(SNL), NASA Ames Research Center, University of Southern California (USC), and 
California Institute of Technology (Caltech), Georgia Tech Research Institute (GTRI), 
and Argonne National Laboratory (ANL), Volvo Trucks, and Freightliner Trucks 
presented and participated in discussions. This report contains the technical 
presentations (viewgraphs) delivered at the Meeting, briefly summarizes the comments 
and conclusions, and outlines the future action items. 

Introduction, Overview of the Project, and Summary 
The meeting began with an introduction by LLNL s Deputy Associate Director of the 
Energy and Environmental Directorate, Ray Smith, where he emphasized that the Nations 
dependence on oil is a national security issue and that minimizing vehicle aerodynamic 
drag will significantly reduce the dependence on foreign oil resources. Rose McCallen of 
LLNL followed with an overview of the DOE project goals, deliverables, and FY02 
activities. The viewgraphs for the project introduction and LLNL overview are attached at 
the end of this report. 

Sid Diamond of DOE OHVT announced to the participants that OTT was being 
reorganized and that certain key aspects of OTT such as OHVT have been incorporated 



into the FreedomCAR and Vehicle Technologies Programs. This represents a reduction 
from 6 to 2 Deputy Assistant Secretaries and a reduction of 3 1 to 1 1 offices. He assured 
all that the FY03 budget was secure and that information about FY04 would be 
forthcoming. Sid also emphasized the importance of reducing energy use to reduce our 
nations dependence on oil and the relation to national security. In addition to aerodynamic 
drag reduction, Sid mentioned the importance of developing means for hgh-density 
energy storage and efficient energy conversion. Jules Routbort of DOE OHVT/ANL also 
discussed the push for more electronics in vehicles because of lighter weight and 
durability. 

In summary, the technical presentations at the meeting included a review of experimental 
results and plans by USC and NASA Ames, the computational results from LLNL and 
SNL for the integrated tractor-trailer benchmark geometry called the Ground 
Transportation System (GTS) Model, and turbulence model development and benchmark 
simulation for rounded cube shapes representative of a tractor and trailer being 
investigated by Caltech. NASA Ames also presented information on the new geometry 
called the Generic Conventional Model (GCM) that was evaluated last year in the 7-ft, x 
10-ft. wind tunnel at NASA and plans for testing in the 12-ft pressure wind tunnel this 
year. USC is also investigating an accoustic drag reduction device that has been named 
Mozart and GTRI continues their investigation of a blowing device. ANL presented 

their plans for a DOE supported Cooperative Research and Development Agreement 
(CRADA) with Paccar Truck Company utilizing commercial software tools to simulate 
the flow and drag for an actual Tractor. Much of the discussion involved wind tunnel 
testing plans, analysis of existing experimental data, investigations of drag reduction 
devices, simulation results, and needed modeling improvements. Further details are 
provided in the attached viewgraphs. 

Project Goals, Deliverables, and Future Activities 
Based on discussions at the Meeting, the project goals remain unchanged: 

0 

Perform heavy vehicle computations to provide guidance to industry 
Using experimental data, validate computations 
Provide industry with design guidance and insight into flow phenomena from 
experimental and computations 
Investigate aero devices (e.g., boattail plates, side extenders, blowing and Mozart 
device) 

The following additional activities were identified: 

1) Invite industries overseas R&D contacts to UEF Conference. 
2) All DOE Team members submit abstracts to UEF Conference. 
3) Obtain more funding for UEF Conference. 



Submit papers for SAE March 2003 conference. The paper submission deadline is 
June 1'' and final manuscripts are due December 10. (Participation by the Team may 
be limited because of demand by UEF Conference.) 
Respond to DOE/OHVT request for proposals (RFP) in collaboration with 
Freightliner on topic of full-scale experiments, instrumentation techniques, and 
computations. 
Discuss with International a possible RFP on splash and spray. (USC has a small 
moving-ground-plane wind tunnel coming online in about six months and LLNL is 
interested in spray modeling.) 
LLNL will consult Caltech on guidance in improving boundary layer (near wall) 
treatment with LES. 
Demonstrate use of smaller machines (e.g., Linux/PC clusters). 
RANS for FY02 
a) SNL: Simulate GTS at 0 degree yaw using 1) Wilcox k-omega, 2) Spallart-Almaras, 

and maybe 3) k-epsilon turbulence models for a minimum of 2 grids and if 
possible, 3 grids for each. 

b) LLNL: 
i) Document GTS and Texas A&M simulations using Spallart-Almaras model 

with 2 grids at 0 degree yaw and 1 grid at 10 degree yaw 
ii) Attempt GCM simulation using Overflow code with RANS k-omega 

tubulence model at 0 degree yaw with 1 grid 

Technical Discussion Highlights 
Analysis of NASA s Experimental Data on GTS and GCM Geometries in the 
NASA 7-ft x 10-ft Wind Tunnel 

Jim Ross of NASA Ames provided some interesting findings through their analysis of the 
data from tests done on the GTS geometry in the 7-ft x 1 0 4  wind tunnel at NASA 
Ames. The instantaneous PIV measurements of the wake flow were evaluated by 
conditioned sampling . Condition sampling is performed by calculating the instantaneous 

vorticity from the measured instantaneous velocity, then searching the results for the 
maximum vorticity location. This location should point to the center of an eddy, thus, 
capturing the vortex shedding from the rear of the trailer. 

Analysis of the results indicate a Strouhal number St = FLN = 0.128 where F is the 
vortex shedding frequency (approximately 1 180 Hz), L is the boundary layer thickness 
upstream, and V is the freestream velocity (approximately 92 d s ) .  It is also observed 
that there is not a strong correlation of the vortex shedding from the top and bottom of 
the trailer and that boattail plates not only narrow the wake, but they stabilize it as 
indicated by a reduction in wake flapping with the bottail plates. 

Analysis of PIV data in the gap of the GCM geometry indicates a hysteresis in the flow. 
It was found that the established recirculating gap flow persists for variations in yaw until 



the flow finally blows through at the highest yaw angles. What is important to note is 
that the vehicle exhibits the lowest drag at the yaw angle where blow through occurs. If 
this blow through characteristic can be artificially reproduced, it can provide a significant 
reduction in drag. It was also noted that side extenders significantly reduce drag and do 
not exhibit flow hysteresis. 

Determining Weaknesses and Strengths of Reynolds-Averaged Navier-Stokes 
(RANS) Turbulence Modeling 

Walt Rutledge of SNL discussed the wall resolution requirements for RANS turbulence 
modeling. Calculations indicate that RANS simulations do not show convergence to a 
steady solution if the y+ of the grid is too large (y+ = u,y/v, where u, = (z,/p)”* the 
friction velocity) and is a measure of how well the flow boundary layer is being captured). 
With the Wilcox k-omega model, a y+ of 2 or less is required for solution convergence, 
whereas the standard k-epsilon model requires a y+ of 10 or less for solution convergence. 

Advantages of Overset Grid Technology 

Dora Yen-Nakafuji of LLNL demonstrated the benefits of using overset grid technology. 
Overset grids provide the flexibility of defining a simple regular grid for the freestream 
flow in the wind tunnel while allowing the user to separately specify and overlay a fine 
grid around the vehicle geometry. Thus, the addition of even more detailed components, 
like side mirrors, is trivial. This technology is currently being utilized by the industry in 
evaluating production aircraft. 

In addition to their work with finite element methods and large-eddy simulation, the 
LLNL Team has recently been applying the NASA Overflow code, which uses overset 

grids with a steady Spallart-Allmaras (RANS) turbulence model. Preliminary simulations 
of the wind tunnel and GTS geometry show impressive performance @.e., efficient use of 

computational resources and run time speed). The simulation runs well on a single 
processor PC and setup time is minimal. The LLNL Team plans to further investigate this 

technology for application to heavy vehicles and work with NASA to possibly 
incorporate an advance turbulence modeling technique for large-eddy simulation with the 

overset technology. 
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AGENDA 

! 

H e a v y  V e h i c l e  A e r o d y n a m i c  D r a g :  W o r k i n g  G r o u p  M e e t i n g  
L a w r e n c e  L i v e r m o r e  N a t i o n a l  L a b o r a t o r y  

L i v e r m o r e ,  C A  

April 3 & 4, 2002 
Building 123, Conf. Room A 

Purpose of Meeting 
Presentation & discussion of industry s perspective and activities 
Presentation & discussion of technical details of work in progress & future plans 

Wednesday, April 3 

7:30 8:OO Badging at West Badge Office (Building 71) and travel to conference room 

Introduction 

7:45 8: 15 Continental breakfast served in meeting room 

8: 15 8:30 Welcome & introduction Ray Smith, Rose McCallen 

8:30 9:OO DOE/OHVT update & budget Sid Diamond, Jules Routbort 

Work Plans and Progress: Experimental Effort and Devices 

9:OO 9: 15 Overview and objectives Rose McCallen 

9: 15 10: 15NASA data reduction, analysis, documentation, & test plans 
JT Heineck, Jim Ross, Dale Satran 

10:15 10:30 Break 

10:30 11:30 USC experimental & numerical results for trailer-base add-ons: a progress report 

Diego Arcas, Fred Browand, Mustapha Hammache, Tsun-Ya Hsu 

1 1 :30 12:30 GTRI test results & plans for aero device Bob Englar 

12:30 1 : 15 

Work Plans and Progress: Computational Effort 

Lunch at LLNL served in meeting room 

1:15 1:30 

1:30 2:30 

2:30 3:30 

3:30 3:45 

3:45 4:45 

4:45 5:45 

Overview and objectives Rose McCallen 

SNL RANS computations, analysis & DES development 
Walt Rutledge, Mary McWherter-Payne, Chris Roy 

LLNL LES/DES incompressible computations/analysis & development 
Kambiz Salan, Jason Ortega, Dora Yen-Nakafuji, Tim Dunn 

BRak 

Caltech vortex method development & computations 
Philippe Chatelain, Tony Leonard, Mike Rube1 

Dave Weber, Dave Pointer Results with a commercial tool 



5:45 6:OO Discussion and Wrap-up 

7:OO Dinner at Kawa Sushi in Livermore 

Thursday, April 4 

7:30 8:OO Continental Breakfast 

Summary and Discussion 

8:00 8:30 Summary of issues from previous day, discussion 

Industry Perspective & Activities 

8:30 9:OO Volvo 

9:OO 1O:OO Overflow from previous day 

1O:OO 10:15 Break 

10:15 12:OO Discussion & wrap up 

Rose McCallen 

Skip Yeakel 



‘Working Group Meeting’ 
Consortium for Aerodynamic Drag of Heavy Vehicles 
Department of Energy, OWce of Heavy Vehicle Technology 

April 34,2002 

The consortium was formed to provide advanced 
technology to industry. 

Needed for significant impact on drag 
Integrated tractor-trailer 
Drag reduction devices 
Aerodynamic 

Front+nd shape trailer-base 
components underbody 

Improved thermal management (underhood flow) 

Needed Technologies 
Coupling experiments and computations for design guidance 

Advanced computational methods and took 
Experimental validation 
State-of-the-art experimental techniques 

Design and testing 

1 



LLNL, SNI.. ANI,. Cultectr 
High quality numerical computations 

Guidance on computational tools 

IJSC, KASA, LLNI,, SSL 
Comparisons and analyses 

Insight into flow phenomena 

NASA, IISC 
Data base of high quality 
wind tunnel experiments 

i’ 
TEAM, Industry Concepts and designs Of 

Information exchange aero devices -- 

x m ‘  

The FY02 near-term deliverables include experiments, 
computations, design, and information exchange with industry. 

Guidance for the design of heavy vehicles 

Analysis of existing experimental data 

Comparison to RANS, LES, and DES computations 

New Experiments: Re sensitivity, aero devices, gap and base drag, etc. 

Device to reduce base drag 

Experimental validation of an acoustic device 

Full-scale road experiments on blowing device 
s r n a  L. 

Model development 

Information exchange with industry 

Working group meetings, conference papers, site visits 
r Engineering Foundation Conference 

“Aerodynamics of Trucks, Busses, and Railcars” 

2 



GTS Wake Analysis 
Flow Structures and Effect of Boat-Tail Plate 

Outline 

Analysis method to facilitate comparison 
between instantaneous PIV and LES results 
Look at how boat-tail plates modify wake 
Corrections to PIV data to fix At uncertainty 



, 

z / w = o  
z/w = .25 

GTS Wake Measurement Planes 
Optional boat- 
tail plates 

y h =  5 

Side view ' Wind-tunnel floor Mounting posts/ 

Conditional Sampling of PIV Data 

Accepted a data set based on level of vorticity in 

Can be sampled for both left and right shedding 

Proper selection of level and sample area gave 

a prescribed area in wake shear layer 

events 

6-12 hits per 100 data sets 



Instantaneous PIV Data 

Data IS on 56x66 grid (3696 points) 

y h  = 0.75, M = .27,0" yaw. N M ~  

h 



~~ 

“Phase” Averaged Vorticity 

0.1 0 2  0.3 0.4 0.5 0.6 0.7 oa 0.0 
xlw 

Strouhal Number of Shear Layer Flow Structure 

fL 
V 

f =  frequency, L = characteristic length, 
V = reference velocity St = - 

For a turbulent shear layer, St = 0.128 where L = Maximum 
slope thickness, and V = V, (Browand & Trout) 

With V = 92 m / s ,  the shedding should occur at a frequency 
of - 1180 Hz. 

The spacing between eddies is 0.021m giving a convection 
velocity of 25 m / s  

For this kind of shear layer, the convection velocity should 
be 50-60% of free stream so . . .? - -- , I  



Effect of Boat-Tail Plates on Wake 
Boat-tail plates cause 
wake to close more 
quickly 
Also stabilize the wake, 
reducing the lateral 
oscillations 

I 

Flow Mechanism Responsible for 
Boat-Tail Plate Effect on the wake 

Acts like backward- 

Flow reattaches at -t v >  

If plateendsnear 

facing step 

step heights 

reattachment, wake 

momentum toward 
model centerline 

indicates best drag 
reduction for plates 5- 
6 step heights in 
length 

Ror 0.u a W x d - F d q  SW 

closes due to fluid Ror Overs Ml-TIII f i l e  

I v ~~~~- L~,: Full-scale data -6L 

I-- 

-n#Phyhba 



PIV Data Correction 
Errors in reported velocity measurements identified 
- Seems to be a problem with At so it is an incorrect scaling, not 

- Free stream -10% off for horizontal and streamwise planes - 
an offset 

up to 25% for cross-stream planes 
Data has been re-reduced to report 3 velocity 
components normalized by “free stream” 
- Location of free-stream identified for each measurement plane 
- Comparisons with CFD still possible if similarly normalized 
- Will distribute normalized data on CD 

Generic Conventional Model 
(GCM) 

Truck Test 
in 

7x10 andl2-Ft. 

Dale Satran 
dsatran@mail.arc.nasa.gov 

650-604-5879 

Heavy Vehicle Aerodynamic Drag I 

mailto:dsatran@mail.arc.nasa.gov


Deliverables 

Digitized model geometry 
CFD validation data 
Reynolds Number effects 
Drag reduction 
PIV data 
Final reports 

I Actions 

Digitize model 
Analyze 7 x 10 results 
Modify model based on 7 x 10 results 
Modify model for mounting in 12-Ft. 
Restore instrumentation 
Conduct test 
Analyze results 
Prepare final report 



Basic Model 

Basic Model - Gap 
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Basic Model - Spectra Gap Data 
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Side Extenders 

Glass Side Extenders 
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Filled Gap 
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Lowboy Trailer 
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Boat tail 
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Extended Gap 
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USC Gap and Height 
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Summary of PIV Efforts 

1998: Army/NASA 7x10 
*GCM Wake flow, with and without boattail device, 0 and 10 deg, 7 planes, 

3 Reynolds conditions 

2001: Army/NASA 7x10 
GCM Gap flow, with and without side extenders, 0 and 10 deg yaw, 3 planes 
GCM Wake flow, with and without boattail device, 0 and 10 deg, 3 planes 
1 Reynolds Condition 

2002: NASA 12-foot Pressure Wind Tunnel 
GCM Gap flow, with and without side extenders, 0,s and 10 deg yaw, 

GCM Wake flow, with and without boattail device, 0 and 10 deg, 3 planes 
2 Reynolds Conditions 

3 planes 

PIV in 7 x 10 of GCM - Gap Study 
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50 vector fields animated 
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Animation of 100 Vector Fields, 
50% Height in Gap, 10 deg Yaw 
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PIV at the 12 foot Pressure Tunnel 

Upwind view Top view 
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USC Presentation for 
DOE Office of Transportation Technology 

Office of Heavy Vehicle Technology 
_____I_ 

M. Hammache, staff 
T.Y. Hsu, staff 
D. Arcas, PhD student 
0. Monnesinghe, MS student 
D. Lazzara, student 
C. Radovich, student 
R. Blackwelder, staff 

I Ground 
Vehicle 
Aerodynamics 
Laboratory 

Aerodynamic Forces on Truck Models, Including Two Trucks in Tandem 
Muslapha Hammache, Mark Mshaeban, Fred Browand, 
SAE paper No 2002-01-0530 (Force data for tractor-traller avallable on CD) 

1 



The Structure of Turbulent flow in the Gap Between Tractor and Trailer 
Muslapha Harnrnache, Fred Browand 

I-__ 

Flow Patterns in the Gap 

* Small gap 
___J 

* Critical gap 

The Structure of Turbulent flow in the Gap Between Tractor and Trailer 
Mustapha Hammache, Fred Browand 

2 



Instantaneous Pressure Measurements of Turbulent Flow in the Gap 
of a Tractor-Trailer Vehicle 
Dand Lazzara, Submitted AlAA Student Paper Competlhon, San Luis obispo, Apnl 2002 -<'------- 

Effect of Cab Extender Geometries on the Drag of a Model Tractor- 
Trailer 
Devinda Moonesinghe, Charles Radovltch 

-GI. ___-_._ - 

3 



The Limits of Drag Behavior for Two Bluff Bodies in Tandem 
Fred Bmwand & Mustapha Hammashe, 
14th USNCTAM. The Roshko symposium on Turbulent Structure and Flow Contml, June 23-25. Blacksburg, V 

+-- I 
Blunt 

Rounded 

0 0 6  1 lb 1 1 5  1 14 4 4 s  

Base Geometly Modifications and Acoustic Forcing to Reduce Drag 
TsuwYa Hsu. Mustapha Hammache 

+-- 
' State-of-theArt in Forang (I) 

ryrca 

4 



S 



2-D Numerical Models of the Base Flow Region Subjected to 
Modifications in Geometry or Small Addition or Removal of Mass 
Diego Arcas 

, 0 5 -  

* 0 -  

4 5  

I -  

.... 

.... - 
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; Experimental Apparatus 
1 Experimental Conditions 
s Results 
I 

1 Summary & Future Study 

GROUND VEHICLE AEROI>YNAMICS I,AHORA7'ORY 

6 



Experimental Apparatus 

- 
IUND VEHICLE AERODI'NAhllCS LARORATORY 

Experimental Apparatus (Cont'd) 

I I 

GROUND VEHTCIE AERODYNAMICS 1,AHORATORY 
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Experimental Apparatus (Cont'd) 

-5 ,--- __-_-l_ . .- 

~ Free Stream Velocity, U = 

i ; A = 0.0535 m2 
: Resqfi(A) = 2.8 x lo5 to 3.2 x lo5 
' Flap lengths: 14 to 24 cm 

Ramp angles: Oo, 5 O ,  10" 
Square wave with frequency, f =  60 to 120 Hz 
Gap width for the jet, g = 1 mm 

i 

GROUND VEHICLE AERODYNAMICS LABORATORY 

8 



Experimental Results 

d&- 

9 Without Forcing: 
Drag measurements for varying flap angles 
Effect of flap lengths on drag coefficients ' 

With Forcing: . Drag measurements for varying forcing frequency 

GROUND VEHIC1.E AERODYNAMICS LABORATORY 

+--- 
i 
: 
! 
I 

1 Without Forcing 

9 



Effect of Flaps Angle on C,: Flaps without Ramps 

046 

0 45 

044 

043 

42 

0 4 1  

039  0 4  

- \lunai*\ m,ranps 

- 
L 

'Y\ . 
P 

U d  :- 
038 

037 

036. 

0 35 

- total drag 
-e 14 cm flaps 
A 19 cm flaps 
-28 cm flaps 

* >- 
- 

. 

A ~ ~ I ~ ~  rrlrorrri 

GROUND VEHICI,E AERODYNAMICS IARORATORY 

03s 

Effect of Flaps Angle on C,: Flaps with 10" Ramps 

Effect of Flaps Angle 

- II 

Andes Ideureel 

GKOIJND VEHICLE AERODYNAMICS LABORATORY 

10 
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With Forcing 
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Summary & Present Study Continued 

.&Wjihmt forcing: 20% saving based on total 
drag 
Forcing has effect on drag reduction 
Utilizing DPTV technique to further understand 
the flow characteristics at flap angle around 10 
degrees. 

fuiiction to decrease drag. 

enhanced 3D model. 

Develop complex waveforms as a forcing 

Use experimental results to develop an 

Flow Structure and Drag 
Reduction in 2-D Wakes with 

-6 

Boat-Tai I s 
A Direct Numerical 
Simulation of the Basic 
Flow 

12 



Objectives : 
-6 

j s To reach an understanding of the basic flow 
dynamics associated with geometric configurations 
of minimum drag. 

Identification of the minimum drag configurations by 
means of a parametric study. 

Study of the velocity and pressure fields. 

Study the possibility of using sudion/blowing for drag 
reduction purposes 

u-H d, I ,  6 
Parameters: 

Re=- 
V 

-.- J 
13 



Bluff Body Wake: 

44 

I 1 

and the boattail plates 
configurations are minimal in this 
regime of flow. 

d=0.03, 1=0.4 
-6;. 

Pressure Profile Streamline Pattern 

14 



Streamline Pattern 
4*?LIJ,VWSd 

d=O. 13, 1=0.4 (Optimum case) 

+. "__ 

Pressure Profile 

d=0.3, 1=0.4 
-5,- - __c__-_I_ 

Pressure Profile Streamline Pattern 

15 



5 Pressure Profiles: 

d=.10 - _ _ _ _  
d=.20 - -  - -  - 
d=.30 - _ _  .- - 

Influence of Different Parameters 
Drag Reduction 

,124 ', I: 

I Minimum Value of Drag with, d 11 Minimum Value of Drag with, T I  
I II l m n ~ 0 . 6 5  dm~0.12 1 

I . 

16 



1 
Bluff -body Wake Geometry 

Differences in the Time-Averaged Velocity Field without 
forcing and with suction/blowing . 
(Suction Velocity, Us=0.9, Re=800, 65.3) 

i 

-* -;~ ' '  

"" 

Wake Manipulation by Means of Suction/Blowinq 

17 



Suction / Blowing 
Suction Blowing 

t r r  1 

Time history of the cross-stream velocity signal 

Concl usi o n s 
A significant amount of drag reduction can be 
achieved by appropriate modification of the base 
geometry of a blunt body. 

The high pressure region at  the trailing edge of the 
boattail seems to be associated with the change of 
streamline curvature in the notch-region. 

I 

Suppression of vortex shedding can effectively be 
achieved by means of blowing fluid into the wake. 

18 



I t 

Experimental Summary 

Supplying long flaps (flap length = dA) to the model truck base 
results in a decrease in drag of about 20%, referenced to the drag 
of the model having no flaps. 

Referenced to the total drag of a more faithful truck model 
(wheels, etc.), the drag decrease would be about 10%. 

Referenced to the base drag alone--the most useful reference--the 
drag decrease is about 40%. 

' 

' 

.A preliminary application of acoustic forcing--when added to 
flap-can produce an additional decrease in drag (referenced to the 
base drag). 

Acoustic forcing could be made effective with shorter flaps. 

Near-Term Experimental Tasks 
-e---- 
: - Pay particular attention to much shortened flap lengths. 

Allow the four flaps to articulate, and allow systematic variation of 
flap angle, forcing frequency and forcing amplitude. 

(c-f. 
Amitay & Glezer, "Controlled Transients of Flow Reattachment over 
Stalled Airfoils"). 

Investigate Stratford-ramp flap shapes 
(c.f. Hammache, Browand & Blackwelder, "Whole-field velocity 
measurements around an axisymmetric body with a Stratford-Smith 
pressure recovery", 3FM, in press). 

i 

Investigate more complex (quasi periodic) wave forms 

19 



Stratford Ramp Applied to Trailer Base 

Numerical Modeling 
r 

, 
’ 

2-D, low Reynolds number computations predict that 
boat-tail gives an overall base drag reduction of about 

: 60-70%. 

: Preliminary results also demonstrate that strong wake 
oscillations associated with global wake- mode 
instabilities can be suppressed by the application of 
blowing and/or suction. 

20 



Near-Term Numerical Tasks 
+------ 

e Perform numerical calculations to include periodic, zero 
mass flux blowing and more realistic flap geometry so as 
to  make comparisons with our existing experimental 
results. 

Continue to define the limits of possible base drag 
reductions. 

Suggested Group Tasks 

Modify LES/DES codes to allow introduction of blowing and 
suction--including periodic, zero net mass flow perturbations, 
so as to realize comparisons with our experiments. 

Numerically explore the limits of realistic base drag 
reduction for high Reynolds number flow and 3-D geometry. 

Provide for experimental verification at high Reynolds 
numbers. 

21 



























Test PHV Features: 4 jet turning surfaces with plenums and blowing slots 
NACA inlet to entrain free-stream total pressure into blowers 
Diesel-driven external blowers feeding diffusers to plenums to slots 
Volvo engine fuel system, GTRI data telemetry of blowing parameters 





mer, looking up-- 
Jet Turning to Left: 

and 30" on Top 









Baseline Trailer 13 0 Southbound 0.00 0 
Northbound 14  11 

11 

NB 6.04 11 10 

3 1980-2000 SB 10.80 9.36 
4 

PHV, Moderate C p 

NB 8.22 11 

NB 13.41 I 1  6 



Configuration 

3aseline, No Gap, 
Sq. LE & TE 

Unblown PHV, 
Cmu=O 

PHV,4 Slots 
Cmu=0.05 

NindTunnel % CD % Equiv. GPM 

CD Change Reduction 

0.627 0 0.0 

0.57 -9.1 -4.6 

0.44 -29.8 -1 4.9 

Road Test % GPM % Equiv. c D % MPG 

Run No. Reduction Change Increase 

13 (Gap) 0.00 0.00 0 

9 -1 0.21 -20.42 11.37 

5 -1 3.27 -26.54 15.30 

I Limited Tuning Runs confirmed up to 15.3% increase in MPG, or about 

Plans to conduct 2nd Tuning Test (TT2) with suggested test procedure 
and vehicle immovements Prior to SAE fuel economy test at TRC 



Right Diesel stopped (errors in some blowing data); Repair engine 
Change gearing on diesel-to-blower connections 
Bottom and front engine fairings were omitted: Install these 
No fuel flow meters for blower diesels; Install these 
Free stream Pitot-static probe in side wall boundary layer; re-locate 

Improvements to be made: 

Run at higher speed for more Aerodynamic Dominance (75 vs 65 mph) 
Run on warmer day with some sidewinds and gusts 
Reduce blowing slot height for higher Vj 
Run with less effectively faired tractor 



Test Configurations for PHV (each run = 3 speeds, 2-3 days; 450 miles): 

1 .a, 1 .b: Two Optional Blowing-on Runs: Intermediate Cp’s 
1. Blowing On,  Cv = best 

2. Blowing Off, Cp = 0 
3. Blowing Off, Round Leading-Edge and Trailing-Edge Aero Surfaces Off 
4. Blowing Off, Engine, Blower & Fairing Components Off = Baseline Trailer 
5. Mirrors Off, for DOT 

Results: For each Configuration: Fuel Burned / 
Miles Driven, corrected by Control HV 



0NS:Pneumatic Aerodynamic ncepts Now Verified 
ficant Potential For Im ernent of Heavy Vehicles; 
(Green = Confirmed i ing Test 1) 

Pneumatic Devices on trailer, blowing slots on all sides and/or front top 
Separation control & base pressure recovery, LE suction = drag reduction; or 
Base suction = drag increase Latest test re 

Additional lift for rolling resistance reduction ( 
Reduced lift (increased download) for traction 

lowingon ACD = -26%or more 
, where N=Wt - Lift), or 

king: instantaneously switchable 
owing for roll control & lateral stability 
TE) for yaw control & directional stability 

component drag; Very short aft addition=no length limitation 

arger, brake tank, electri c 

mic control of all three forces and all three moments 



Safety of Operation; Full-Scale Reynolds Number 

NASA Ames Full Scale Complex ..Or.. ODU Langley Full Scale Tunnel, 



Computational Prediction for a 
Simplified Truck Geometry 

Walter H. Rutledge 
Mary McWherter-Payne, Chris Roy, 

Dave Kuntz and Jeff Payne 
Aerosciences and Compressible Fluid Mechanics Department 

Sandia National Laboratories 

Heavy Vehicle Aerodynamic Drag: Working Group Meeting 
Lawrence Livermore National Laboratory 

April 3rd and 4th, 2002 
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Introduction - SNL Role 
FY02 Tasks and Budget 
- Status 
- Results from 2D GTS grid studies 
- New 3D GTS grid 

- Dissection of I O  Degree Yaw GTS Solution 
Additional Tasks (unfunded) 

- GCM 
2D 
3D 

Leveraging (additional money, ESRF) 
Conclusions 
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Sandia Computational Approach 

Steadv RANS 

*Sp alart-allmar as 
*k-ep silon 
*k-omega Wilcox 

Unsteadv RANS 

*Spalart-allmar as 
*k-omega Wilcox 
*Durbin’s v2f Hybrid RANS/LES 

*Detached Eddy Simulatibi 
*Hybrid RANWLES 

@ National Sandia 

laboratories 
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Status of FY02 Tasks 

Task 3: Documentation of existing solutions 
- SNL memo submitted for review (April 2002) 
- Working with LLNL on documentation of previous SNL 

activities (through FYOI) 
PSalari and McWherter-Payne 

Task 4: Unsteady RANS and DES no activity 
Task 5: Boattail with RANS: no activity 

Sandia 

laboratories 
@ National 



Additional FY02 Tasks (Unfunded) 

Task 6: GTS, 10 Degree Yaw (FYOI medium mesh, S-A) 
- Flow field plots 
- Comparisons with experiment 

Drag 
Skin friction 
Pressure Coefficient 

Task 7: 20, GCM 
- Generated multiple meshes 
- k-omegaM/ilcox medium mesh solution obtained 
- Appropriate y+ values determined 

- Obtained NASA ProE file, but surfaces are missing 
Task 8: 3D, GCM 

Sandia @ National Laboratories 



.The Budget: $225K ($50K less than anticipated) 

.The Team: 
-Walt Rutledge (Manager) 
- Mary McWherter-Payne 
-Chris Roy 
- Dave Kuntz 
- Jeff Payne (consulting) 



SACCARA Code Capabilities 
- Sandia - Advanced - Code for compressible Aerothermodynamics Eesearch and Analysis 

Multi-block, structured grids for 2-D, Axisymmetric, 
and 3-D flows 
Solution of the Full Navier-Stokes equations for 
compressible Flows 
Finite volume spatial discretization (steady and 
u n s tead y) 
MP implementation on a variety of distrubuted parallel 
architectures (IBM, Intel, etc.) 
Implicit time advancement schemes 
Subsonic + Hypersonic flows 
Zero-, one-, and two-equation turbulence models 
Ideal, equilibrium, and thermo-chemical 
nonequilibrium finite-rate gas chemistry 
Rotating coordinate system 

Sandia 

Laboratories 
@ National 



Task 2: GTS 2D Grid Studies 

Want to understand strengthslweaknesses of RANS models 
Motivation: During FYOI, it was determined that k- 
omega/\l\lilcox would not run on FYOI medium mesh (12 
million cells) 
- suspected that wall y+ values were too large 

5 new 2D meshes completed with max y+ of 0.5, 1, 2, 5, I O  
Ran k-omegaMiIcox, k-epsilon and Spalart-Allmaras on all 
five meshes to determine: 
- Required y+ to obtain solution 
- Effect of y+ on accuracy of solution 

Sandia 

laboratories 
@ National 



YPLUS 

TF 

.Previous 3D mesh: y+ too large 

.New 2D meshes for y+ study 
hyperbolic meshes (no 
tunnel) 

.retain FYOI axial spacing 

.grid1 : FYOI normal spacing 

.grid2 through grid5: refine in 
wall normal direction only - 

2D Truck Centerplane: Grid 5 

FYOI Medium Mesh 
!US 

2D Truck Centerplane: Grid 5 



t e  



I Wilcox (1998) k-cr> I 
-CP + 

Wilcox k-w Suction 

Grid 3 (y+,,=2) 
Grid 4 (y+,,=I) 

0.5 

n Grid 5 (y+,,=0.5) 
E 

For the Front 
of the Truck.. 

v 

>r 

0.25 

78b,o' ' I  I 80000 ' '  ' I  " 90000 I ' 
( ~ 1 ~ 2 )  Freestlealn Preswte 

Surface Pressure 

2D Truck Centerplane 
W ilcox k-o 
- - - -  Grid 3 (y+,,=2) 
-.-.-.-. Grid 4 (y+,,=I) 

Grid 5 (y+,,=0.5) 

\Bottom 

x (m) 

Shear Stress 

sandii 

laboratories 
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Wilcox (I 998) k-cu 

I 1 2D Truck Centerplane 
Wilcox k-o F 2D Truck Centerplane 

Wilcox k-o 
Grid 3 (y+,,=2) 
Grid 4 (y+,,=l) 
Grid 5 (y+,,=0.5) 

- - - -  
-.I.-.-. 

I' Bottom 

Surface Pressure Shear Stress 

@ National sandi 
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I I I I I I I I I I I I 

2 Low Reynolds Number k-& L 

Surface Pressure Shear Stress 

sandii 
National 
Laboratories 



. 

Spa1 art-AI I maras 
6 

2D Truck Centerplane 
Top Surface: Spalart-Allmaras - 

2D Truck Centerplane 
S pa la rt- AI I m a ra s 

Grid I (y+,,=lO) 
-_I_.- Grid 2 (y+,,=5) 
- - - -  Grid 3 (y+,,=2) 
-.-.-.-. Grid 4 (y+,,=l) 

0.5 1 
n E Grid 5 (y+,,=0.5) 
Y 

Base 

- Front 

Surface Pressure 

Grid I (y+,,=lO) 
_I-II- Grid 2 (y+,,=5) 
- - - -  Grid 3 (y+,,=2) 
-.-.-.-. Grid 4 (y+,,=l) 

Grid 5 (y+,,=0.5) 

I I I I I I I I I I I 

1 2 
x (m) 

Shear Stress 



Model Comparison: Grid5 

I '  I I 1 1 '  I I I I I I 
I I 

1 - - - -  Wilcox k-o 
-.-.-.-. Low Re k-E 

Spalart-Allmaras 

- 

- 
n 
E - 

2D Truck Centerplane 

Base Region 

Y 

r, - Grid 5 (~+~,=0.5) 

0.25 - 
- 

- 

Pressure means 
reduced drag! - - 

I I  I l l  I I I I  I I 
I I 

98500 95000 95500 96000 

P (Nlm2) 

Surface Pressure 

F I  I I I I I I I I I I I I 

40 30 i 
n 

10 

- - - -  Wilcox k-w 
f-. -.-.-.-. LOW Re k-E i \. 

S palart-Allmaras 

2D Truck Centerplane 
Grid 5 (y+,,=0.5) 
Top Surface 

I I I I I I I I I I I 

1 2 

x (m) 

Shear Stress 
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onclusions from GTS 2D grid studies 

Previous 3D mesh had y+ too large 
medium mesh: y+ max = I O  
coarse mesh: y+ max = 20? 

Wilcox k-o will not run with y+ >2 
k=E and S-A will run with y+ >I, but accuracy suffers 
pressure not as sensitive to y+ as shear stress 

shorter recirculation zone 
higher drag 

longer recirculation zone 
lowerdrag 

New 2D hyperbolic mesh for y+ study (no tunnel) 

Spalart-Allmaras predicts: 

Wilcox k-o predicts: 



Task 1: New 3D Grid for GTS 

New 3D meshes complete 
- Coarse (300,000 cells) 
- Medium (2.5 million cells) 
- Fine (20 million cells) 

decomposed (parallel) 
Grid needs to be 

Will run: 
k-o meg aMli I cox 
Spalart-AI lmaras 
k-epsilon (time 

Sandia 

laboratories 
permitting) National 
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Zont 

Y T a s k  6: GTS, 10 Degree Yaw Solution 
Spalart-Allmaras, FYOI Medium Mesh 

\ 

rculation 
3s 

Leeside - 

k k O  I hlcdlum Mesh IS 
pit1 point lue\h that LI 
coniplctcd litst 

Negative u-component of Velocity 
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GTS: 10 Degree Yaw Solution 
Spalart-Allmaras, FYOI Medium Mesh 

Win( 
side 

I 

1 
L 

la 

I 

r 

I 

Leeward 
side 
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alart Allmaras, I O  Yaw, FYOI Medium Mesh 
Total Viscosity and Vortex Cores 

Leeside I 

\ 

Iltr) E% 
laboratories 



palart Allmaras, I O  Yaw, FYOI Medium Mesh 
Total Viscosity and Streamlines 



palart Allmaras, I O  Yaw, FYOI Medium Mesh 
Temperature and Streamlines 

Sandia 
National 
Laboratories 



palart Allmaras, I O  
Tern peratu re 

Yaw, FYOI Medium Mesh 
and Vortex Cores 



alart Allmaras, 10 Yaw, FYOI Medium Mesh 
Mach Number and Streamlines 

Sandia @ National Laboratories 



Spalart Allmaras, I O  yaw, FYOI Medium Mesh 
Mach Number and Streamlines 





Spalart-Allmaras, I O  Yaw, 
FYOI Medium Mesh, Vertical Cut 

q : r  * .= =, 

1 

0.5 

0 

Base . '.= -. Front 

- - Recall that 
increased 

m 

D 
m 

Like an airfoil, the 
area between the cun~cs 
represents the net drag 

- . Base Pressure . 
m reduces drag! . 

I . - . ~ . 
I I I l l l l I I  

0.5 -1 
P 

C Sandia 

laboraturies 
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Spalart-Allmaras, 10 Yaw, 
FYOI Medium Mesh, Horizontal Cut 

0.1 

0 

-0.1 

-0.2 

-0.3 

-0.4 

10 degree yaw 
Side of Truck with Separated Flow 

' 

-0.5 
I- 

-Om6[. -0.7 ' 

I 

' 
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Spalart-Allmaras, I O  Degree Yaw, 
FYOI Medium Mesh, Vertical Cut 

Base, Z/W=0.2206 "qiarter span" 

Steady RANS predicts siniilar pressure 
levels but misses cliamacter of 
distribution (i .e,, vortex position 

Is grid resolution an issue? 
FY02 grids 
may aiiswcr 
the grid question 

Highly 
Expanded 
Scale 



Spalart Allmaras, 10 Degree Yaw, 
FYOI Medium Mesh 

SACCARA 

10 Degree Yaw 
Wind Axis Force Coefficients 

CD CS 
IO' yaw 0.6679.- 

Experiment (Run 7) 
Wall Referencea 

10' yaw 0.5055 1.1833 
-10' yaw 0.5197 -1.0865 
-10' yaw 0.5202 -1.1039 

1.2640 
Upstream Referenceb 
Experiment (Run 7) 

a.Static pressure reference is measured at wall 

b.Static pressure reference is measured 
pressure tap. 

upstream of test section. 

NumericalC, 
used wall reference 
pressure to compute 
freestream dynamic 
press lire 

Sandia 
National 
laboratories 



Skin Friction on Top, I O  Degree Yaw 
Spalart-Allmaras Compared with Experiment 

SACCARA 

C,: 0.0010 0.0021 0.0033 0.0044 0.0056 0.0067 0.0079 0.0090 Z 

0 

0 25 50 75 I00  
X 

Experiment 
20 

I O  

0 

Z 

0 20 40 60 80 100 
X dia 

CI' ,.""Onal u laboratories 



Skin Friction on Top, I O  Degree Yaw 
Soalart-Allmaras Compared with Experiment 

0.009 

0.008 

0.007 

0.006 

0’- 
0.005 

0.004 

Top Centerline 
I O  Degree Yaw 

Data: Triangulated in Tecplot 
Extracted Centerline 

0.003 1 MM 



kin Friction on Lee 
Spalart-Allmaras Compared with Experiment 

Side, I O  Degree Yaw 

SACCARA 

30 
C,: 0.0020 0.0024 0.0029 0.0033 0.0037 0.0041 0.0046 0.0050 

20 

10 

0 0 25 50 75 
X 

E Experiment 

I I I I I I I I I I I I I I I I I I I 

0 25 50 75 O b  
X 



GCM: 2D Studies 
2D GCM Centerplane: Medium Mesh 

2 0 L ,  I I I ,  I ,-, I I I I I I 1 ' 4  

.Meshes generated 
(centerline cut) 
.k-omegalWi lcox 
solution obtained 
my+ values determined 



GCM: 2D Studies 

2D GCM Centerplane: Medium Mesh 

n 

E 
v * 

n 
E 
Y 

>, 

Grid 

2D GCM Centerplane: Medium Mesh 

Mach Contours 
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GCM: 2D Studies 

2D GCM Centerplane: Medium Mesh 2D GCM Centerplane: Medium Mesh 
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Pressure Contours 
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GCM: 2D Studies 

Pressure (front/back) 



GCM: 2D Studies 

Sandia 

laboratories 
@ National 



GCM: 2D Studies 

I 1  

2D GCM Centerplane 
Wilcox k-o 

-1 Bottom Surface 
I - I  I I I I I I I I I I I 

0 1 2 
I 

x (m) 

Shear Stress (top/bottom) 
%ALL (Nlm2) 

Shear Stress (front/back) 

@ Sandia National 

laboratories 



GCM: 2D Studies 

Conclusions 
More complex (and realistic) geometry than the GTS 
Determined appropriate wall spacing based on y+ criteria 
Significant separation on underside of truck 

below the cab 
below the trailer 

Underside separation (without ground plane) strongly 

Additional separation zone in the cab-trailer gap 
affects the separated flow in base region 



GCM: 3D 

.Obtained ProE model 

.Half of truck? 

Sandia 

laboratories 
@ National 



Engineering Sciences Research Foundation 
- Transition modeling 
- Hybrid RANSlLES turbulence modeling 

- RANS turbulence modeling 

- Verification and Val idat ion methodolog ieslprocedu res 

- boundary layer transition research 

- 9000 processor parallel machine 

- Bob Haimes, MIT (feature tracking) 
- data mining 

ASCI Material and Physical Models 

ASCI Code Development 

ASCI University Alliance 

ASCI Red Teraflop Computer 

Large dataset visualization with Parallel Visual 3 

Sandia @ laboratories National 



RANS for drag prediction only makes sense if the base 
pressure is accurately modeled ... 
- Even high fidelity, “integrate to the wall” models do not 

show that steady state RANS can cut it (for drag) ... 
Lower fidelity models (e.g., wall functions) designed for 
wall bounded flows offer no credible expectation that they 
better model the physics of truck base flows ... 

- LES still not practical because of wall treatment 
- Hybrid RANS/LES offers a good possibility for accurate 

base flow prediction 
Experimental data need to be better understood and 
documented (NASA is doing this ...) 
- Validation experiments should: 

utilize simplified geometries (start simple and work up) 
have well characterized freestream conditions 
quantify uncertainties 
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Conclusions and Path Forward 

Code V&V and UQ is very important (even if code applications are 
focused solely on design) 
Need smaller y+ values at surface to obtain accurate solutions 
May need unsteady RANS or DES to accurately predict base flow 
(currently not funded at SNL) 
Continue 3D GTS solutions for turbulence model study: 
- k-omega 
- k-epsilon 
- Spalart Allmaras 

Continue 3D GCM Solutions (free) 
Document, document, document! 
- 10 degree yaw solution (free) 

- 30 GTS (FY02 Grids) 
- 2D GCM (free) 

- 2 0  GTS 



Overview of LLNL Incompressible Flow 
Modeling and Development 

Dora Yen Nakafuji, Jason Orlega, 
Tim Dunn. Kainbiz Salari, Rose McCallen 

Lawrence Livermore National Laboratory 

Heavy Vehicle Aerodynamic Drag Working Group Meeting 
April 3-4,2002 

LLNL Project Goals 

FWUS 
To provide industry with guidance on advanced 
computational methods and industry tools 
To identify and develop simulation techniques that can 
accurately predict the flowfield of heavy vehicles 
To investigate drag reduction strategies 

Approach 
Investigate advanced simulation techniques using in-house 
tools that provide flexibility and access to internal resources 
Investigate flow structure associated with heavy vehicle 
aerodynamics such as gap flow and the wake 
Investigate feasibility of other available codes to aid industry 

1 



LLNL Budget for FY02 

FY02 $440K 
- Project management 
- Engineering Foundation Conference 

- ASCI code development program 

- ASCI White massively parallel computer 
- DoD/DOE Technology development program 

- LLNL Internal Tech Base Funding 

- NASA Ames collaboration 

Leveraging 

Incumpressible flow model development 

* Multiphase flow model development 

hrtidc flow model development 

9 Team Members 
- Dora Yen Nakafuji, Jason Ortega, Tim Dunn, Kambiz Sdari, 

Rose McCallen 

~~ 

LLNL FY02 Tasks 

Code speed up 

Gap flow simulation 
- ImplidVSemi-Implicit Projection methods 

- Stable flow structure withlwithout side extenders, low drag 
- Unsteady flow structure, high drag 
- Experimental data from USC and NASA 

- Analysis of flow structure withlwithout boattail 
- WakdGround-plane interaction 
- Experimental data from NASA 

- Tunnel simulation to determine proper oufflow BC 
- GCM flow simulation in the NASA 7'xlO' tunnel 

Trailer wake simulation 

Full vehicle simulation with OVERFLOW 

2 



LLNL Anticipated Deliverables for FY02 

Solving 3-D Unsteady Incompressible 
Navier-Stokes Equations, ALE3D 

Galerkin Finite-Element Method, QlQO Element 
8-node Hexahedral Brick Elements 
Tri-linear Velocity 
Piecewise Constant Pressure 
Explicit formulation u, v, w 

Implemcnted Irtiplirit/Semi-In~plirit projwtion methods 
to remove stability constraint on time step due to 
Courant and viscous restriction 

3 



Incompressible Flow Code Development 

Implicit Pro.jection Method (Tim Dunn) 

Step 1: Approximate a pressure field 
Initialize pressure from the previous time-step 

p = p" 
Step 2: Solve momentum equations for the intermediate velocity field 

+ A& + N(u'))b = Mu" + At - MM;'CF] 
Step 3: Project to a divergent-free field 

bTM,-lCJA = c% Un+l  = Un - 

Step 4: Update pressure 

pa+] = p" + 

Timing the Prqiection Method 

Two-dimensional wake simulation 
- 20,000elements 
- 16 processor on IBM SP2 machine 

Explicit Semi-Implicit 

i Time Step (s) I 3.94 1 . 7 4  
I runtimdwdehJ I 3.24 4.77 I 
I 1 second of simulation time I 961.5 days 3.2days I 

Semi-hpiicit is about 300 times fasler than explicit 

4 
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USC Experiment, Large Gap 

1 'Time-averaged streamline patterns, WL = 75% 

I i 
Asymmetnc flow Symmetnc flow 

Giap tlow structure is sensitive to the condition of the shear l a y  
Large side force may be present in the asynlnletric flow case 

USC Experiment, Time History of Drag Force 

6 



Gap Flow Simulation, Computational Approach 

Gap flow from experimental observation is clearly 
three-dimensional 
Perform 2-D simulations to determine proper length 
and time scales needed to resolve flow structures in 
the gap 
Given the knowledge of the 2-D calculations perform 
3-D simulations 
The computational domain is setup to capture the gap 
and padall of the tractor and part of the trailer 
geometry 

Computational Domain and Geometry 

7 



Computational Mesh for G/L at 72% 

72% with side 
extenders 

Unstructured Mesh 

40,000 elements 

Completed Completed 

Gar, Flow Simulation Matrix 

I I 35% I Completed 1 Completed 

I 72% 1 Completed 1 Completed I 
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Gau Flow Simulation. G/L of 35% 

Gar, Flow Simulation, G/L of 35% 
Time-averagcxl results. Sinagorillsky 

vcomp. 

9 



Time History of Drag and Lift, G/L of 35% 

'l'ructor 'i'rsilcr 

I 

Gap Flow Simulation, G/L of 72% 
Smagorinsky I 

10 



Gap Flow Simulation, G/L of 72% 
Smegorinsky with van Driest dumping 

Gap Flow Simulation, G/L at 72% 
Time-aversgtd results. Smagoriizsky 

u - c o q .  

11 



Time History of Drag and Lift, G/L of 72% 

I 

Gap Flow Simulation, G/L at 72% with Side Extenders 

I Smugorinsky 

12 



ap Flow Simulation, G/L at 72% with Side Extenders 
r I .. me-averaged resiilts, Sm:igorinsl;y 

vcomp 

Time History of Drag and Lift, G/L of 72% 
with Side Extenders 

13 



Summary 
I 

. 

Implicit and Semi-Implicit projection methods have been 
implemented in ALE3D. Anticipate significant speedup with all 
simulations 
Initiated gap flow study with gap distances below and above the 
critical distance, G/L of 50%. Also, investigated the impact of 
side extenders on gap flow structure 
Initiated Trailer wake flow simulation with/without boattail to 
investigate the wake structure and its interaction with ground 
plane 
OVERFLOW was utilized with its overset grid capability to 
model NASA 7'xlO' tunnel for boundary condition 
determination 
An overset mesh which is a modular mesh is under construction 
for the tractor-trailer geometry in the NASA 7'xlO' tunnel 

14 



Validation Cases and Truck Wake 
Simulations with ALE3D 

Jason Ortega, Tim Dunn, Dora Nakafuji 
Rose McCallen, Kambiz Salari 

Computational Physics 
Fluid Dynamic Applications 

Overview M 
Validation Test Cases with ALE3D 
- Flat Plate 
- Circular Cylinder 

2-D Truck Wake Simulations 
Summary 

1 



Validation Cases with ALE3D 

Validation Case Flat Plate 

Testing viscous growth of a boundary layer and 
shear stress prediction 

Blasius u,v 
inlet profiles 

0 8  

-04  

0 2  

0 0  
0 1 2 ry 6 

no-slipho-penetratlon 

Re, in,e, = 2,000 
Explicit and implicit time-integration schemes 

0 Coarse grid 2,440 elements 
Medium grid 9,760 elements 

2 



(Ts Validation Case Flat Plate 

Horizontal Velocity 

Re, = 7909.1 
Ae. = 0018.2 A 

Re. =10181.80 
Re, =11090.9 I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
II 

Re, = 7909.1 1 1 
Ae. = 0018.2 A 

Re. =10181.80 
Re, =11090.9 I 

i l  
2 =:%.I 0 0.0 0.2 0.4 0.6 II 0.8 1.0 1.2 

Vertical Velocity Shear Stress Coefficient 

12 

10 

8 

~6 

4 

2 

0 
0.0 0.2 0.4 0.6 0.8 1.0 

J 

0.015 

0.010 

0 
0.005 -H 0 . m  0 1 2 3 4 5  x-x. 

Good representation of laminar boundary layer development with ALE3D 

Validation Case Circular Cylinder 

Testing unsteady vortex shedding and drag prediction 
U 

Red= 1,000 
Explicit time-integration scheme 
Coarse grid 20,000 elements 
Medium grid: 80,000 elements 

3 



Measured Quantities 

- QandrVezza 1.52 
- Blackbum et a1 1.5 1 

1.53 - Behr el af 

He et a[. 1.5191 - 

0.24 
- 

0.241 

- 

2-D Truck Wake Simulations 
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N Computational Setup 
Investigating length scales, vortex dynamics, influence of the 

groundplane, and the effect of add-on devices 

0 294w 
U, = 92.65 m / s  

1 3 9 2 ~ -  

f O 04% T 

I1 1 

In turbulent 
inlet velocity profile 

\ 

h = 1 . 3 9 2 ~  

024w 4 x  

in turbulent/ 

w = 0.3238 m 
f mlet velocity profile 

2-D simulation with ALE3D 
LES with Van Driest damping 
ReW=2x1O6 

E!! Computational Grid 

Boattail 

19,445 elements 

1 .o 
- 0.8 
E 

0.6 

0.4 

0.2 

0.0 

v 

1 
- ... 

. :  ... .. .. .. .. .. . . . . . . I . .f . . 
I T 
1 
2.5h 
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Vorticity Measurements B 

Average Streamline Fields 

6 



Average Streamline Fields [19 

0 5 ,  

0 . 5 2  

" 
0 50 

B.L(B 

0 ' i6 

- e  0 i  - 0  02 0 e 02 0 0.1 0 . 0 6  0 ee 0 10  0 12 0 i i  
> O * l .  

Drag Measurements 
High Drag 

Configuration 

2000 

1000 
h z. 
U F 0  

-1000 

-2000 

Low Drag 
Configuration 

0.04 0.06 0.08 0.10 0.12 
t ($1 

horizontal arrangement 
of vortices 

vertical arrangement 
of vottices 
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I!!! Summary 

0 Validation Cases with ALE3D 
- Velocityprojiles and shear stress coefficient from the flat 

plate simulation compare favorably with those from the 
Blasius solution 

- Drag coeflcient and shedding frequency from the circular 
cylinder simulation show good agreement with results in the 
literature 

0 2-D Truck Wake Simulations 
- Capture the unsteady nature of vortex shedding in the wake 
- Drag is strongly influenced by the arrangement of the 

- Set the groundwork for future 3-D simulations by 
vortapafches in the near wake 

determining the length scales and required resolution of the 
flow field 

8 



Full Vehicle Simulation 
Using OVERFLOW & 

Overset Tools 

Dora Nakafuji, Jason Ortega, Tim Dunn, 
Rose McCallen, Kambiz Salari 

Configuration studies 
Overflow/Overset Tools 

IIEVEI-OPMENT 
1 I 

I I I APPLIED II&D I I  
L I 

1 



Motivation 
0 Robust and well tested RaNS code 

Provide a secondary tool for evaluating flow 
models and experimental results 
Incorporate Overset techniques & capabilities in 

0 Build in modular & interchangeability into grid 
simulation 

development process 

Objectives 
Integrate benefits of Overflow & Overset grids 
--RaNS speed and near wall modeling capabilities 
--Gain experience using empty tunnel configuration 
-Apply tools to GCM simplified model 

multiple truck configurations (gap, side angle) 
and complex geometries 

quantifying simplification on grid generation 
and establish methodologies for modular 
analysis 

Use Overset modular capability to analyze 

Address industry analysis needs by 

2 



Accomplishments 
3-D empty tunnel simulations 
-Viscous boundary conditions along all walls 
--Overset grid (approx. 1 million pts) 

Strengthened ties with collaborators 
-Leveraged grid generation resources (NASA Ames, 

-Fast-tracking knowledge transfer of Chimera techniques 

--Used tried&true grids (collars, caps) 
-Integrated interchangeability into grid design 
-Potentially refined & reduced grid complexity (approx. 4 

LLNL Overture Group) 

Develop Overset grids GCM truck 

million pts) 

Empty Tunnel Grid 
3-D Overset grid - 0-core with rectangular 

Simplified and reduce boundary conditions 
Consistent viscous wall boundary conditiog 

wrap on tunnel wall 

and appropriate inflow/outflow conditi 

$PTunnel wall 
+ 

Tunnel core 

3 



Empty Tunnel Simulation 
0 Simulat 

-M=0.267 inflow 
--Re,=l.57x105 

101 
9 

N 

5 

Profiles at the wall 
in the tunnel test- 
section taken along 
the y-centerline 
0 Zones indicate 'j; (5  - 
multiple grids 

Overlap regions . 
are consistent N 'O 

- 

20 - 

c 

5 -  

0 
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GCM Truck Grids 
Pre-liminary grids for truck (approx 4 mil pts) 
8 multi-grids, optimized spacing and clustering 
to surface 
Minimal tunnel changes to 
accommodate truck 

Truck with Tunnel Grids 

Generation of front cap 
volume grid 

5 



I 

Grid Interchangeability 

6 



Caltech Heavy Vehicle Aerodynamics 
Computational Group 

Prof. Tony Leonard 

D e m os t h en e s K i vo t i des , Post d octo ra I S c h o I a r 

Mike Rubel, Graduate Student 

P h iI i ppe C hatelai n , Graduate Student 

Graduate Aeronautical Laboratories California Institute of Technology 

April 3-4 2002 



Vortex Code: Essentials 

0 Numerical technique to solve the Navier-Stokes equations 

0 Suitable for Direct Simulation and Large-Eddy Simulation 

0 Uses vorticity (3 = 

0 Lagrangian: computational elements move with fluid velocity 

0 Viscous, 3-D, incompressible, with boundaries 

x 6) as the solution variable 



Vortex Code: Advantages 

0 Computational elements only where vorticity is nonzero 

0 No grid in the flow field 

0 Only 2-D grid on the vehicle surface 

0 Boundary conditions in the far field automatically satisfied 

now: examples of vortex particle codes in action 





Current Research Topics Topics 

0 Boundary geometry (GTS model, USC geometry, others) 

0 Near-wall treatment 

0 Dead- Reckoni ng time integration algorithm 

0 Vortex filament methods 

0 SGS / LES models 

0 Face-centered cubic lattice 



Geometry and Boundary-related Research 

0 Need to know information such as closest-point, closest-panel, inside/outside 

0 Traditionally limited to simple shapes like spheres and cubes 

0 GTS geometry requires more robust approach 

0 Implementing half-edge data structure 

0 Possibly novel tree-based algorithms for the above 



Near-Wal I Treatment 

0 Particles good approximation for field in free-space, but not near wall 

0 Near-wall Eulerian treatment, local grid, "thick" boundary 

0 Match to particles, LES further afield 

0 Some low-D progress; trying to expand 
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Aerodynamics Simulations 

David Pointer, Tanju Sofu, David Weber - Argonne National Laboratory 
Everett Chu, Paul Hancock, Bob Bundy - PACCAR Technical Center 

Heavy Vehicle Aerodynamic Drag Team Meeting 
LLNL, April 34,2002 

Background 

. Next generation of computational methodsfiools are currently 
being developed under the DOE'S Heavy Vehicle Aerodynamic 
Drag Program - focus on specific turbulence and flow separation problems unique 

to heavy vehicle external aerodynamics 
0 a wide range of turbulence modeling Options - experimental program to support V&V efforts 

long term focus . need for massively parallel high-performance computers - need for extensive verification and validation based on simple 

Specific elements of the program 

geometries 

1 



. extend general purpose turbulence models to aerodynamics applications . investigate standard turbulence models and some of the novel 
turbulence modeling capabilities 

near term focus (address immediate needs of manufacturers) 
reduced reliance on high-perfomance computers (compatible with 
OEMs' computational resources) - realistic heavy vehicle geometries (full details of a specific design) 

a Specific elements of the activity 

development and technical support from the vendor 

insufficient accuracy, high cost 
Common issues 

2 



ANL - PACCAR CRADA 

rn 

the base model) . IR-scale wind tunnel tests in University o 
Washington with selected configurations 
Assessment of STAR-CD (and possibly 
PowerFlow) software . 18 month, $600K plan (equal contribution' 
by each partner) 

- Collect, organize, and process - Assess standard RANS model 
form of --- equations in conjun 
representation of flow) 
Blind predictions of the flow field to avoid "tuned" sol 

3 



- realistic and prototypic 3-0 geometries and operating conditions - close collaboration with PACCAR to address their current needs - CFD industry support 
Deliver a summary of best practice guidelines for application of 
current commercial CFD capability to heavy vehicle industry. 

4 



Aerodynamic Combination 
Vehicle Test UpdateIDOE 

Georgia Tech Research Institute 
Great Dane Trailers 

Voivo Trucks North America 

/Skip Yeakel, P.E. 

Aennjynamk "SWAT Team" Meeting 
@Lawrence Uvmore National Lah, Llvemore, CA 

Aprir4.2002 

o Georgia Tech Research Institute 

Great Dane Trailers 

o Novatek 

Volvo Technology of America 

o Volvo Trucks North America 

Atlanta, GA 

Savannah, GA 

Atlanta, GA 

Greensboro, NC 

Greensboro, NC 



Abbreviated road course 
- 65 mph speed limited section (- 5.5 mi.) of U.S. Route 31 1 south of 1-40 
- Quick cycle time - 7 test variabledl4 runs completed on March lst, 2002 
- Constant speed runs/adaptive cruise control operation--north and south 
- Minimal traffic = no runs lost (100% yield)/ March 1 (public highway) 

Prospects 
- “Flavor” for TRC testing but results not statistically significant 
- Volvo VN Integral Sleeperm (“660” model - seats driver + 3 observers) -1 
- “Quick turns” = more exciting than watching paint dry (e.g. TRC) V 
- Economical = federal highway road course (aMa “free”) 
- Better weather prospects vs. Ohio 

- Not flat (rolling hills)--hard to integrate spikes, some traffic, speed limited 
(65 mph), too short for statistically significant results (un-“scientific”) 

- Experimentally “impure”. . . baseline was NOT “stock” trailer; too painful! 

Limitations 

I 

Akin to watching paint dry--if all goes well ... a plethora of angry 
trucker language likely if not1 
- No place for a cast of thousands, 800, or even ... eight! 
- Watching wind blow or rain fall is neither fun nor productive. 
- - 450 miles per data point--requires madmachine harmony and incredible 

- Once cruise control is set, the driver has only one task ...to stay within the 

55,65, and 75W (or 60,70E, and 807-concernsI) mph test runs 
Results that are even half as good as predictions ... no apologies 
needed if xx% net fuel savings can be provenll CAUTION urged 
re NC “tuning” data. ..usefulness is software limited and should 
only be construed as serving the tuning purpose intended. The 
TRC site and “high tech” (NOTI) buckets of fuel and stopwatches 
are still the best (ONLYI) way to get precious, tedious, datapoints. 
Don’t try this work at home-very few such sites around the globel 

patience possessed by few. 

assigned lane 



Reduce cost of current CFD tools for industrylsociety benefit. 
Aerodynamics lasts for the life of a truck--for better or worse! 
Seek out optimal, and practical, design concepts with industry. 
Advance the art of the aerodynamicist-more near term blood in 
that turnip than in environmentally squeezed IC engines. 
Provide economical tool to judge add-on devices--a better way to 
separate good product concepts from snake oil. 
Maintainlexpand aerodynamic RBD community and relationships; 
east (e.g. Langley FST, PSU+) and west (current+) ... even global?[ 
Correlatelcoordinate with industry partners and established 
methodologies (road AND wind tunnel tests). 
Partner withlsupport other agencies for common cause via 
cohesive NEP (e.g. EPNDOT “Ground Freight,” DOD “Army 
Transformation,” et al) under 21st Century Truck Partnership 
umbrella with all (16) industry partners (incl. ALL truck OEMs). 

Solicit “voice of the customer”4on’t create in a vacuum! 



Undesirable Aero SWAT Team Goal 

Common truck design by committee-no matter how fuel efficient! 

Aerodynamics or more wasted OFFSHORE 
oil? It’s an American choice to make. .. 

Combining forces will help us get it together. We 
have made a good sta rt... the best is yet to come! 



Thanks, and be thankful for the 
opportunities before us! 

--Questions and Answers-- 

Mew Roads: 
Aero "SWAT Team" Meeting Q LLNL, Livennore. CA 

April 4,2002 


